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Abstract. We present an abundance analysis of HE 1327—2326, currently the most iron-poor star known, based on a newly 
acquired VLT spectrum. The ID abundance pattern is corrected for 3D effects. The 3D iron abundance is [Fe/H] = —5.9, 
while the CNO elements of the star are extremely overabundant [CNO/Fe] -^3 to 4). The cosmologically important element 
Li is still not detected; the new upper limit is ^(Li) < 0.6. A new analysis of the medium-resolution data of the sample of 
bright metal-poor stars from the Hamburg/ESO Survey (HES) was carried out. We are using this sample to obtain clues to the 
chemical nature of the early Universe by investigating the kinematic properties of the sample. Based on estimated [Fe/H] and 
[C/Fe], we are also able to use the sample to test a formation mechanism for low-mass metal-poor stars. 
Keywords: 97.10.Tk, 97.10.Wn,97.20.Tr, 98.35.Gi 
INTRODUCTION 
Studying large samples of metal-poor stars in the Galaxy 
provides important clues to the chemical nature of the 
early Universe, to the formation of the elements, and to 
the major nucleosynthesis processes that were involved. 
Investigation of the sample of bright metal-poor stars 
from the Hamburg/ESO survey [1] has led to the dis-
covery of HE 1327—2326, the currently most iron-poor 
star known [2, 3]. Due to its chemically primitive nature, 
this object is very important for our understanding of the 
early Universe and the formation of the first low-mass 
stars. In this paper we present new abundance measure-
ments of HE 1327-2326 based on a new, very high-S/N 
VLT spectrum. Full details of the new analysis can be 
found in Frebel et al. [4]. Furthermore, in an attempt 
to derive more accurate iron and carbon abundances, 
we have re-analyzed the entire bright sample with the 
SEGUE Stellar Parameter Pipeline (SSPP; Lee et al. 
[5, 6] . We report the results and provide an outlook on 
an ongoing kinematic analysis of the sample. 
UPDATE ON THE ABUNDANCES OF 
HE 1327-2326 
In the Subaru discovery spectrum, seven weak Fe I fines 
were detected [3]. Tfie strongest fine was measured to 
have an equivalent width of 6.8 mA. As already reported 
in Frebel et al. [7], our new VLT data confirms tfie 
presence of six of tfie seven fines (one fine is not cov-
ered). Additionally, we detect anotfier four fines, bring-
ing tfie total to 11 Fe I lines from wfiicfi tfie metallicity 
can be deduced. We find HE 1327-2326 to fiave a ID 
LTE Fe abundance of [Fe/H] = -5.7, tfie same as pre-
viously reported [3]. In tfiis work we are now applying 
3D LTE correction to our ID LTE abundances. Witfiin 
tfie LTE framework, tfie 3D correction for Fe I is nega-
tive ( 0.2; Collet et al. [8]). Tfius, tfie Fe I abundance 
of HE 1327-2326 is lowered to [Fe/H] = -5.9. 3D non-
LTE corrections are not known at present [9]. For com-
pleteness, we note tfiat in previous works tfie measured 
Fe I abundance was corrected by +0.2 dex to account for 
ID non-LTE effects in Fe I. 
In principle. Fell lines sfiould be tfie preferred Fe 
abundance indicator However, tfie strongest Fe II lines 
are extremely weak, and no Fe II fine could be detected 
in eitfier tfie Subaru nor in tfie new VLT spectrum. Tfie 
3D-corrected upper limit is [Fell/H] < -5.4. 
CNO elements 
Carbon, nitrogen, and oxygen abundances for 
HE 1327-2336 were derived by Aoki et al. [3] (C 
and N; from tfie Subaru spectrum) and tfien by Frebel 
et al. [7] (C and O; from tfie VLT spectrum). For tfie 
latter ID LTE analysis, corrections were suggested for 
aU tfiree elements to account for 3D model atmospfiere 
effects. Tfie estimated 3D corrections were mostly 
based on works described in Asplund [9] and references 
tfierein. 
Compared to abundances from atomic fines, for abun-
dances derived from molecular features tfiere actually is 
no straigfitforward 3D correction (e.g., a simple abun-
dance offset). Molecular features consist of many differ-
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FIGURE 1. NH band spectral region. The observed spectrum (dots) is overplotted with "3D" synthetic spectra with N abundances 
of [N/Fe] =4.1 (solidline), 3.9, and 4.3 (dottedlines). 
ent lines with a variety of excitation potentials. The 3D 
corrections depend on the excitation potentials of these 
contributing lines, thus, the "final" correction has to be a 
blend of 3D corrections derived for individual lines. Col-
let et al. [8] computed 3D corrections for a few fictitious 
lines of CH, NH, and OH with selected excitation po-
tentials. By using fictitious lines, the CNO 3D correction 
could be studied without a spectrum synthesis with a 3D 
model atmosphere. 
In order to apply the 3D corrections to the CNO abun-
dances in a more suitable way, we anticipate a new tech-
nique. We first interpolate in between the given loge 3D 
corrections to obtain appropriate corrections for all fines 
that comprise the molecular feature of interest. Then, 
abundance changes corresponding to the 3D corrections 
are appfied to the logg/values for all fines in our finelist. 
The observed spectrum is then synthesized with the new 
"3D" finelist. Figure 1 shows the result for the NH band 
synthesis. The average 3D corrections are '-^ -0.7 for all 
three CNO elements. 
In the case of N, irrespective of any resulting abun-
dance, the use of the "3D" linefist results in an improve-
ment of the new fit to the observed NH spectral region 
compared with the " ID" linefist fit. This effect cannot 
be "fixed" with just a simple abundance offset. The im-
provement results from different corrections on the red 
and blue side of the NH main feature at 3360 A based 
on the excitation potentials of the participating molecu-
lar fines. 
Lithium 
The Li 1 doublet at 6707 A is still not detected in this 
relatively unevolved star From the very high S/N ('~ 600 
per pixel) data we are able to derive a new 3 a upper fimit 
of loge (Li) =^(Li) < 0.7 from our ID analysis; this is 
further reduced to ^(Li) < 0.6 by appfication of a 3D 
correction. Figure 2 shows the Li spectral regions over-
plotted with synthetic spectra of different abundances. 
This is significantly lower than the previous value of 
loge(Li) = 1.6 [3]. Other unevolved metal-poor stars 
with [Fe/H] '-^  -3.5 have Li values around loge (Li) r^ 
2.0 (e.g. Ryan et al. [10]). These objects have been used 
to infer the primordial Li abundance, which can be com-
pared to the value expected from the baryon-to-photon 
ratio obtained by WMAP [11], loge(Li) = 2.6. The dis-
crepancy between the WMAP result and the metal-poor 
star values has amply been discussed, and we shaU not 
further elaborate on it here. It is surprising, however, that 
the upper limit of HE 1327—2326 is not only lower than 
the WMAP result, but also considerably lower (by more 
than 1 dex) than values derived for other metal-poor stars 
with similar evolutionary status. This means that either 
all of this star's Li was destroyed during its lifetime on 
the main-sequence, or the star was bom from Li-depleted 
material (see Piau et al. [12] for additional details). 
The new ID abundance analysis of HE 1327-2326, 
based on the currently best available observational data 
obtained with VLT/UVES, has been combined with 
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FIGURE 2. Spectral region {connected dots) of the Li line at 
6101K in HE 1327—2326. Synthetic spectra with abundances 
of loge(Li) = 0.4,0.6 and 0.8 are overplotted (solidlines). 
State-of-the-art 3D model atmosphere corrections of Col-
let et al. [8]. These new 3D-corrected abundance mea-
surements (for more details, see Frebel et al. [4]) are 
providing the basis on which the current models of the 
chemical yields of the first-generation SN can observa-
tionally be tested (e.g., Iwamoto et al. [13], Meynet et al. 
[14]). 
THE SAMPLE OF BRIGHT 
METAL-POOR STARS 
New Analysis of the Med.-Resolution Data 
Frebel et al. [1] recently discussed observations of a 
sample of bright ( 1 0 < 5 < 1 4 ) metal-poor stars identi-
fied in the Hamburg/ESO survey. The available medium-
resolution data was analyzed for metalhcity estimates, 
[Fe/H], by means of the Call K index and a color, and 
using the Beers et al. [15] calibration. Unfortunately, the 
stellar parameters (Teff, logg, and [Fe/H]) remained un-
known from such an analysis. While the color served as 
temperature indicator, no information could be obtained 
for the surface gravity. However, knowledge of the sur-
face gravity is crucial for deriving stellar distances, and 
hence for any kinematic analyses. 
Lee et al. [5, 6] have recently developed an exten-
sive software pipeline (the SSPP) for obtaining estimates 
of the atmospheric parameters of stars with medium-
resolution spectroscopy obtained during the course of 
the SDSS, and its extension (SDSS-II, which includes 
the program SEGUE: Sloan Extension for Galactic Un-
derstanding and Exploration). From a pipeline addition 
(Marsteller et al. 2007, in prep.), [C/Fe] abundance ratios 
are also derived. We refer the interested reader to these 
papers for detailed descriptions of the pipehnes. We have 
used this new, powerful tool to re-analyze our entire sam-
ple of bright metal-poor stars. Frebel et al. [1] were not 
able to assign metallicity estimates to the more metal-
rich stars ([Fe/H] > -1.0) due to insensitivity of their 
analysis techniques. 
With the new pipehne, stars at any metallicity can 
be analyzed. We thus obtain stellar parameters of the 
entire sample, which spans the metallicity range from 
[Fe/H] = -5 .1 to +0.5. The temperature range covered 
by SSPP is 3500 to 7500 K (a few bright stars that exceed 
the upper hmit have been excluded). The vast majority 
of the metal-rich stars appear to be main-sequence stars, 
while the more metal-poor ones are subgiants and giants. 
Distances and UVW space motions are then obtained. 
Galactic Populations 
Based on SDSS stellar data, CaroUo et al. [16] recently 
found a clear signature of two different halo populations 
(the "inner" and "outer" halo) with net prograde and ret-
rograde motions, and different peaks in their metalhcity 
distribution functions, respectively. 
Figure 3 shows U and V velocities as a function of 
[Fe/H] for both the bright-star and the HERES samples 
Barklemetal. [17]. See also Beers etal. (this volume) for 
a comparison to the SDSS sample. The majority of the 
bright stars are located between [Fe/H] r^ 0 and '-^  - 1 and 
exhibit UVW velocities around 0 km/s. These stars can 
be associated with the thick disk population. Overplotted 
with circles are all the bright stars that had metallicities 
assigned by Frebel et al. [ 1]. The stars that have space ve-
locities not consistent with the bulk of the thick disk (and 
similarly with the metal-weak tail of the thick disk), can 
be considered halo members. It can be seen that the ma-
jority of these halo stars had been successfully picked up 
as metal-poor stars by Frebel et al. [1] despite their hm-
ited analysis possibilities. Furthermore, overplotted with 
crosses are the stars from the HERES sample. These ob-
jects are almost all halo members, as could be expected 
from their low metalhcities (-3.7 < [Fe/H] < -1) and 
fainter magnitudes. 
The Frequency of Carbon-Enhanced 
Metal-Poor Stars 
Understanding the reasons for the large numbers 
of Carbon-Enhanced Metal-Poor (CEMP) stars found 
among metal-poor samples with [Fe/H] < -2.0, and the 
corresponding frequency of such objects as a function of 
metalhcity, is currently an active area of research. Table 1 
lists the results of several recent studies found in the lit-
erature. 
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FIGURE 3. U and V velocities as a function of [Fe/H]. Small dots indicate bright HES stars and crosses show those stars for 
which Frebel et al. [1] were able to assign metallicities. Circled dots are HERES stars [17, 18]. 
TABLE 1. Frequency of C-rich stars as found in the litera-
ture. Note that the Marsteller et al. value is for [Fe/H < —2.5. 
Sample [Fe/H] Comment 
< - 2 . 0 
Marsteller etal. [20] 
Cohen etal. [21] 
Lucatelloetal. [18] 
Lai etal. [22] 
25% giants + dwarfs 
14% faint HES giants 
>21% faint HES giants 
8-18% giants + dwarfs 
Frebel et al. [1] 
Frebel et al. (in prep.) 
9% bright HES giants 
27% same as above 
outer- halo populations, and also have different evolu-
tionary status. Small number statistics have almost cer-
tainly played a role as well. The bright-star sample, com-
bined with the HERES sample, will be used to study 
these issues in the near future, which should shed some 
additional hght on the origin of CEMP stars. 
Frebel et al. [1] also suggested that the frequency of 
CEMP stars increases with increasing distances from the 
Galactic plane, between 0 and 5 kpc. Our new analysis 
indicates that this claim has to be revisited (Frebel et al. 
2007, in prep.). 
Frebel et al. [1] reported a lower value of 9% based 
the analysis of the CallK and CH G-band indices and 
the regressions given by Rossi et al. [19]. As an addi-
tional part of the new SSPP analysis, the G-band region is 
synthesized to obtain estimates of the C abundances (B. 
Marsteller et al. 2007, in prep). With no distinction be-
tween giants or dwarfs we preliminarily find a frequency 
of 27% among stars with [Fe/H] < -2.0. For giants only, 
we derive 12%, while 62% for dwarfs (which is based on 
only a few stars). The distinction is made by a tempera-
ture cut at 5500 K. 
The previous lower value of 9% among the subsam-
ple of metal-poor giants can be understood as follows. 
As an initial gravity indicator, a simple color cut was ap-
phed (due to the hmitations of the analysis technique, no 
better choice could have been made). However, the avail-
able colors were subject to, in some cases, significant un-
certainties (see also Frebel et al. [1] for more details on 
the uncertainties). This may have had an effect on the 
parent sample selection. Furthermore, the carbon abun-
dances were based on a simple regression [19], that does 
not take into account the temperature of the stars. This 
may well have had an effect on the number of CEMP 
stars reported in a given subsample. 
Still, there remains a significant variation of CEMP 
frequencies found by the different studies. This may 
have an underlying cause, if, for example, the different 
samples consist of members from both the irmer- and 
CEMP Stars as Cosmological Tools 
A very large fraction of (long-lived, low-mass) CEMP 
stars are found to be in binary systems [18]. Their erst-
while intermediate- mass companions reflect an under-
lying initial mass function in the range 1-8M©. Tumlin-
son [23] predicts that the fraction of CEMP stars should 
increase with dechning metalhcity, and that it should 
vary spatially at the same metaUicity. The new increased 
CEMP fraction of 27% agrees much better with his pre-
diction (see his Figure 2). 
APPLICATION OF NEW DATA TO 
STELLAR ARCHAEOLOGY 
Fine-structure fine cooling through C and O may be re-
sponsible for the coohng of the intersteUar medium in 
the early Universe, which led in turn to the formation 
of the first low-mass stars [24]. We have further popu-
lated the plot of Frebel et al. [25] with lower limits for 
Arans, bascd ou the new [Fe/H] and [C/Fe] data from the 
bright-star sample. For a low-mass star that is stfll ob-
servable today, it has to lay above the critical metalhcity 
limit of Dtrans = -3 .5 . As can be seen from Figure 4, a 
few stars lay in the "forbidden zone" withDtrans < -3 .5 . 
However, we strongly caution that these numbers have 
been derived from medium-resolution data alone, and 
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FIGURE 4. Updated plot from Frebel et al. [25] for the 
galactic halo, now with additional, new metal-poor data (lower 
limits) from the bright sample (crosses). 
Still have large uncertainties. For the majority of those 
few apparently carbon-deficient stars, we already have 
high-resolution observations available, and an investiga-
tion will be carried out in due course. We encourage ob-
servers to add their C and/or O measurements of metal-
poor stars to such a plot in order to fully map the observ-
able regions, and to test the fine-structure fine theory of 
[24] with the most sohd observational material. 
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